ABSTRACT The red imported Þre ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), has been studied extensively in its role in aboveground food webs of agroecosystems of the southern United States. There is also a limited body of evidence suggesting that S. invicta may signiÞcantly inßuence the soil fauna. This study examined the inßuence of Þre ants on the arthropod communities at the soil surface of cotton, Gossypium hirsutum L., Þelds at two Þeld sites operated by the University of Georgia in Athens and Tifton, GA (1 yr at each location). Fire ant abundance was suppressed in large plots with ant-speciÞc hydramethylnon-based bait, and arthropods were collected from treatment and control plots by using pitfall traps during multiple week-long sample periods to measure the abundance of epigeic arthropods. Sampling was conducted from June through September 2006 in Athens and from July through September 2007 in Tifton. Although Þre ant suppression decreased the abundance of erythraeid mites and nitidulid beetles at both sites, the majority of effects were site-speciÞc. Other taxa positively associated with Þre ants included oribatid mites and gnaphosid and linyphiid spiders. In contrast, the abundance of springtails, earwigs, endomychid beetles, and thrips increased with Þre ant suppression. This study demonstrates that S. invicta can signiÞcantly inßuence both pest and beneÞcial epigeic arthropods and that although Þre ants exert clear effects on speciÞc taxa, their effects are not uniform within a given trophic group as members from the same guild were differentially impacted.
Ants occupy many trophic positions within ecosystems and feed on a variety of items, including plant tissue, nectar, and seeds and both vertebrates and invertebrates (Hö lldobler and Wilson 1990, Tennant and Porter 1991) . Below ground, ants are known to Þll an equally diverse set of ecological functions. Ants may increase soil moisture, phosphorus, and potassium while decreasing soil bulk density (Dostal et al. 2005, Boulton and Amberman 2006) . These activities, combined with antsÕ tendencies to create localized patches of organic material in nest refuse piles, can lead to increased root biomass in nest soils (Boulton and Amberman 2006) . Ants also can engage in mutualistic and facilitative relationships below ground. For example, the tending of root aphids by Lasius neoniger Emery (Hymenoptera: Formicidae) in cornÞelds was noted in Hö lldobler and Wilson (1990) . In addition, ant nests host a diverse biota including microbes, micro-and macroarthropods and earthworms (Hö lldobler and Wilson 1990) . Ants also function as predators in soil food webs. For example, Wilson (2005) observed ants in the genus Pheidole specializing on a restricted group of soil mite species in the suborder Oribatida. In contrast, other studies have found ants to have little to no effect on soil fauna probably due to the high degree of heterogeneity in their abundance and composition (Lenoir et al. 2003) .
The red imported Þre ant, Solenopsis invicta Buren (Hymenoptera: Formicidae), is an exotic species in North America (Lofgren et al. 1975) . It has been found to directly increase predation in terrestrial systems by 20 Ð30%. This includes not only pests but also beneÞ-cial predators in cotton, Gossypium hirsutum L.; soybean, Gycline max (L.) Merr.; and citrus (Citrus spp.), including beetles, lacewings, and spiders (Eubanks 2001 , Eubanks et al. 2002 , Diaz et al. 2004 .
In soil, Þre ants have been studied primarily for their role as ecosystem engineers and have been found to alter soil aggregate structure and increase water inÞltration (Green et al. 1999) , alter soil nutrients, increase soil organic matter, and decrease soil bulk density (Laßeur et al. 2005) . Trophic interactions between S. invicta and other soil fauna, however, remain largely overlooked. Vinson (1991) assessed predation events as well as other trophic interactions among detritivores in the presence and absence of S. invicta by using fruit as bait and determined that in the presence of S. invicta, the abundance of ßy larvae, sap beetles, rove beetles, and parasitic wasps was signiÞ-cantly decreased. VinsonÕs study provides insight into the aggressive nature of S. invicta when defending large, high-quality food sources, and although this study assessed trophic interactions between S. invicta and an array of detritivorous arthropods it may be a poor estimate of the impact of these ants in soil food webs without such rich and patchy resources. Other work has shown that Þre ant predation at the soil surface may negatively affect biological control (Hill and Hoy 2003) . In addition, there is also evidence that commensalism occurs between Þre ants and other soil arthropods, including mites, millipedes, beetles, ßies, hemipterans, parasitic wasps, butterßies, crickets, and silverÞsh (Wojcik 1990) .
The red imported Þre ant can be a highly efÞcient forager, functioning largely as a generalist. Accordingly, the most abundant and suitable food source available will often become the food of choice (Tschinkel 2006) . These traits, combined with their high abundance in disturbed agricultural soils, suggest that to a greater extent than other ants in the same agricultural systems, Þre ants may have a signiÞcant effect on soil arthropod communities in invaded habitats. The objective of the current study was to examine the impact of the removal of S. invicta from a typical cotton agroecosystem on the extant arthropod community at the soil surface. The experiment described here was designed to test the hypothesis that Þre ant suppression will impact the structure of epigeic arthropod communities.
Although past research has demonstrated that Þre ants can signiÞcantly alter arthropod communities on plant foliage and at the soil surface, these studies have examined this impact in habitats with localized resources (e.g., aphid honeydew in cotton foliage, rotting fruit masses at the soil surface). Resource distribution at the soil surface of agroecosystems can vary based on the management strategies employed in a particular system (e.g., weed management, tillage strategy), however, the overall detrital resource base within these systems is fairly homogeneous and of relatively low quality. Due to the uniformity in resources, we do not predict that Þre ants will prey heavily upon all taxa within the soil food web. Instead, we predict that although Þre ants may prey speciÞcally on some taxa, other taxa will beneÞt from the activities of Þre ants through, for example, removal of enemies or competitors.
Materials and Methods
Field Sites and Fire Ant Exclusion. This study was conducted at two University of Georgia Þeld stations: the Horseshoe Bend (HSB) Research Station in Athens, GA, and the Coastal Plain Experiment Station in Tifton, GA, which are Ϸ320 km apart. Horseshoe Bend is a 0.8-ha cultivated land section composed of eight main plots (four no-tillage, four conventional tillage) and 32 subplots planted with a Bt cotton summer crop and either rye, Secale cereale L., or clover, Trifolium incarnatum L., as a winter cover crop. The soil is a well-drained sandy clay loam, with a relatively high abundance of clay. Four conventionally tilled plots measuring 28 by 28 m each were chosen for our study. All plots were planted on 3 May 2006 with a Bt transgenic cotton (variety DPL 555BR, which is genetically modiÞed to express bacterial Cry1Ac toxin against caterpillar pests and for tolerance to the herbicide glyphosate). Between 15 and 18 May 2006, a barrier was constructed out of aluminum ßashing. The barrier was buried 13 cm to minimize lateral tunneling by ants (Stiles and Jones 2001) and extended aboveground to Ϸ40 cm. The aboveground portion of the barrier effectively prevented Þre ants from crossing between exclusion and inclusion plots as Þre ants were not able to climb the aluminum. The placement of this barrier ran evenly between the plots such that two entire plots were on each side. All plots on one side of the barrier were treated on 1 June and 23 July 2006, with the selective pesticide hydramethylnon (Amdro, Ambrands, Atlanta, GA) at a rate of 1.1 kg/ha formulated in a corn (Zea mays L.)-based Þre ant bait to eliminate Þre ants. Amdro was evenly broadcast across plots. Vegetation was regularly trimmed along the barrier wall to minimize ant crossing.
The Tifton Þeld section is 1.62 ha, also composed of eight main plots (0.2 ha each) managed under conventional tillage for the duration of the current study. The soil is a Tifton sandy loam that drains readily. All plots were planted with Bt transgenic cotton (DPL 555BR) on 4 June 2007. Plots were separated from one another by open gaps of 3 m of bare soil disturbed weekly by tillage to discourage the movement of Þre ants between plots. The plots were arranged in four blocks, each containing one Þre ant inclusion plot and one Þre ant exclusion plot. Plots were approximately square, and a 10-by 10-m area in the center of each plot was designated for sampling (Ϸ18 m from the plot edge). Fire ant exclusion plots were treated with hydramethylnon ant bait (Amdro, Ambrands) at the rate noted above on 28 June, 16 July, and 4 and 22 August 2007 to eliminate Þre ants. On the same dates, identical bait, but without hydramethylnon (supplied by Ambrands), was applied at the same rate as the insecticidal bait to the nonexclusion plots to control for any effects of the bait itself on the soil fauna. To assess exclusion efÞcacy, ant detection tests were conducted on 6 August and 2 September. The test consisted of placing three 33-ml test tubes containing a small piece (5 g) of hot dog in the sampling area each plot (one in the center of the sample area and the other two diagonally placed at opposing corners; tubes were 7 m apart). After 1 h, all tubes were recovered, sealed, and transported back to the laboratory where the tubes were emptied and the number of ants was recorded.
Arthropod Community Assessment. At the Horseshoe Bend site, pitfall trapping was conducted using 35-ml glass test tubes. Polyvinyl chloride tubes (15 by 2 cm internal diameter) were hammered into the ground to serve as trap sleeves (after Stuble et al. 2009 ). Ten traps were placed in the center of each plot forming a box pattern with eight traps on the perimeter and two evenly spaced in the center, and traps were spaced Ϸ2 m apart and 11 m from the plot edges.
Once placed, traps were allowed to collect for 5 d over the following periods: 5Ð9 June, 19 Ð23 June, 1Ð5 August, 21Ð25 August, and 18 Ð22 September 2006. Total trapping area was Ϸ31-cm 2 per plot. Trap contents were regularly emptied at 24-h intervals and replaced with fresh ethanol. The contents of each trap were bulked so each sample vial represented Þve 24-h trapping days. In the laboratory, trap contents were sorted to eliminate organic debris and soil. All arthropods were then transferred to vials with 70% ethanol for storage and identiÞcation.
Pitfall trapping at the Tifton site was conducted using 355-ml plastic cups (Ϸ9-cm opening diameter, Ϸ11 cm in depth) containing a solution of 1% Tween 20 (Cayman Chemical, Ann Arbor, MI), 99% deionized water, and approximately three to Þve water softener salt tablets. Tween 20 serves as a surfactant to break surface tension, whereas water softener tablets were used as a preservative. In total, the traps contained 50 ml of solution. Trapping was conducted over a 7-wk period during 2007 (20 Ð27 July, 28 JulyÐ3 August, 4 Ð10 August, 11Ð17 August, 19 Ð24 August, 25Ð30 August, and 8 Ð14 September) and during each week Þve pitfall traps were set in each sampling plot in an "X" pattern. This pattern consisted of a square 8 m on each side with one trap in each corner. The Þfth trap was placed in the center of the square. Total trap surface area was Ϸ318 cm 2 per plot. During each week, traps remained in the Þeld and were not emptied on a daily basis. Trap contents were removed on the last day of each sample. All specimens were then transferred to 70% ethanol and stored in vials for identiÞ-cation.
Arthropod Identification. Taxa were identiÞed to family where possible following Triplehorn and Johnson (2005) , Goulet and Huber (1993) , and Kaston (1978) . Soil mite identiÞcation was conducted using keys provided by the Ohio State Soil Acarology Summer Program along with an interactive computer key to Mesostigmata (Lucid Player Standard version 2.2, http://lucid-player-standard.software.informer.com/). Voucher specimens are in the Arthropod Museum of the University of Georgia.
Statistical Analysis. Abundance data were analyzed using nonmetric multidimensional scaling in PC-ORD (McCune and Grace 2002). Nonmetric multidimensional scaling (NMS) was run using a six-dimensional solution stepping down in dimensionality until a suitable number of dimensions were found. The analysis used an instability criterion of 0.0005, 200 iterations, and 20 and 50 runs with real and randomized data, respectively. The number of dimensions used for the ordination solution was determined using a Monte Carlo test, with P Ͻ 0.05 for a given number of dimensions being considered signiÞcant. P values represent the probability that a similar Þnal stress, a measure of how well the ordination matches the original data, could have been obtained by chance. All NMS analyses were run using a SorensenÐBray distance measure. Relationships between individual taxa and ordination axes were assessed using PearsonÕs correlation in SAS. Abundance data from both sites also were analyzed using analysis of variance (ANOVA) in SAS version eight for Windows (SAS Institute 1999 Ð 2001 . Because of sampling and design differences between the sites direct statistical comparisons were not made. Due to nonnormal distribution, all data were square root transformed before multivariate and linear model analysis. All analyses were conducted using seasonal mean abundance data (plot means averaged across sample dates).
Results
Horseshoe Bend. Fire ant activity was successfully reduced in plots treated with ant bait (F 1,2 ϭ 281.9; P ϭ 0.003) (Fig. 1a) . Representatives of a total of 31 families were collected at Horseshoe Bend, eight of which were affected by Þre ant suppression (Supp Table 1 [online only]). Nonmetric multidimensional scaling revealed a distinct grouping of experimental plots based on the presence or absence of Þre ants when arthropod abundances were averaged across all dates. Communities from treatment and control plots separated distinctly along ordination axes 1 and 2 (Fig. 2) . Pearson correlation coefÞcients are given for taxa either signiÞcantly or marginally correlated with ordination scores for both axis 1 and 2 (Fig. 2, inset) . Mites of the families Tectocepheidae (Oribatida) and Erythraeidae (Prostigmata), as well as linyphiid spiders and nitidulid and staphylinid beetles were more abundant in control (Þre ant inclusion plots) than in treatment plots (positive correlation with axes 1 and 2). In contrast, Thripidae and Isotomidae were more abundant when Þre ants were suppressed (negative correlation with axes 1 and 2). ANOVA yielded similar results as the abundance of staphylinid beetles, erythraeid mites, and linyphiid spiders was greater in the control versus treatment plots (F 1,2 ϭ 19.18; P ϭ 0.04; F 1,2 ϭ 21.4; P ϭ 0.04; and F 1,2 ϭ 17.14; P ϭ 0.05) (Fig. 3) , and thrips were more abundant under Þre ant suppression than in control plots (F 1,2 ϭ 26.77; P ϭ 0.03) (Fig. 3) . The dolichoderine ant Forelius pruinosus Roger was marginally more abundant in control versus treated plots, although the difference was not signiÞcant (Fig.  3) . Collectively, the families affected by Þre ant suppression accounted for Ϸ22% of all arthropods collected from HSB (Supp Table 1 
[online only]).
Tifton. Fire ant activity also was successfully inhibited at the Tifton Þeld site (F 1,6 ϭ 6.83; P ϭ 0.02) (Table 1 ; Fig. 1b) . Representatives from 34 families were collected at Tifton and of these families, seven were affected by Þre ant suppression (Supp Table 2 [online only]). Multivariate analysis revealed a distinct grouping of experimental plots based on the exclusion or inclusion of Þre ants when abundances were averaged across all seven sample dates. Communities from inclusion and exclusion plots separated distinctly along ordination axis 1 (Fig. 4) . The exclusion of Þre ants again had both positive and negative effects on various taxa, including predators and detritivores. Nitidulidae, Erythraeidae, and spiders of the family Gnaphosidae were more abundant in control versus treated plots (Fig. 4, inset) . In contrast, Labiduridae, Sminthuridae, Isotomidae, and Endomychidae were more abundant in treated versus control plots (i.e., negative correlation with axis 1) (Fig. 4,  inset) . Analysis of seasonal means revealed that the average seasonal abundance of the striped earwig, Labidura riparia (Pallas) (Dermaptera: Labiduridae), was higher in treated versus control plots (F 1,6 ϭ 10.18; P ϭ 0.01) (Fig. 5) . Similarly, collembolans from the families Sminthuridae and Isotomidae and beetles in the family Endomychidae were more abundant in treated versus control plots (F 1,6 ϭ 11.23; P ϭ 0.01; F 1,6 ϭ 7.51, P ϭ 0.03; and F 1,6 ϭ 12.43; P ϭ 0.01) (Fig. 5) . In contrast, the dolichoderine ant Dorymyrmex bureni Trager was more abundant in control versus treatment plots (F 1,6 ϭ 12.1; P ϭ 0.01) (Fig. 5) . Although their overall abundance was low, erythraeid mites (Prostigmata) were only collected from Þre ant inclusion plots (Fig. 5) . In total, the taxa affected by Þre ant suppression at Tifton constituted Ϸ49% of all arthropods collected from this site (Supp Table 2 [online only]).
Discussion
Our experiment demonstrates that Þre ants can signiÞcantly alter the composition of food webs at the soil surface. The removal of Þre ants resulted in an epigeic arthropod community that was distinctly different from those communities where Þre ants were present. Furthermore, analysis by both nonparametric and linear model analyses revealed that Þre ant removal can have mixed effects on individual epigeic taxa within the same feeding guild. We found that the exclusion of Þre ants affected taxa across a range of life history strategies, from relatively small, short-lived taxa (e.g., erythraeids and thrips) to large, longer-lived species (e.g., L. riparia). Given that S. invicta is a generalist feeder, we predict that they are capable of feeding on most of the taxa that were negatively affected by Þre ants in the current study. However, other taxa were positively affected by Þre ants, and it is more likely that the effect of S. invicta on epigeic arthropods results from a combination of predation, competition, and commensalism rather than from predation alone.
Most studies examining the impact of ants on soil arthropod communities have been restricted to comparisons between the biota from ant nests and adjacent soil. Nest-related studies demonstrate that across many ant taxa, nests often become nuclei of activity for a variety of soil organisms, including fungi, protozoa, and many arthropods (Wojcik 1990 , Wagner et al. 1997 , Zettler et al. 2002 , Boulton and Amberman 2006 . The trophic positions assumed by most antnestÐassociated taxa include ecto-and endoparasites, predators, trophobionts, and scavengers (Wojcik 1990 ). Many ants, however, spend a large percentage of their time outside of the mound foraging for food.
For Þre ants, trophic interactions that ensue outside of the nest have been well studied in crop canopies. In general, both pest and beneÞcial arthropods have been found in signiÞcantly lower numbers on foliage in the presence of S. invicta; however, this impact typically varies within a single feeding guild (Eubanks 2001 , Diaz et al. 2004 . At the soil surface, however, the interactions between ants and other arthropods have been infrequently studied. This is the Þrst study to assess the impact of S. invicta on surface-active arthropods in cotton systems. Taxa affected positively by Þre ants at both Þeld sites included the families Nitidulidae and Erythraeidae. Past research has shown that the effects of ants on nitidulids are both site-and ant species-speciÞc. For example, although Vinson (1991) showed that nitidulid abundance increased upon exclusion of Þre ants from rotting fruit, other studies have shown that nitidulids often occur as nest associates of ants (Navarrete-Heredia 2001). Our results suggest that in cotton systems nitidulids beneÞt from the presence of Þre ants. Erythraeid mites have been found to disappear from areas in which Þre ants have invaded (Porter and Savignano 1990) . This suggests that the impact of Þre ants on erythraeid mites also may be species-speciÞc because erythraeids were more abundant in the presence of Þre ants at both Þeld sites in the current study. Other taxa responding positively to Þre ants included oribatid mites of the family Tectocepheidae, staphylinid beetles, and spiders in the families Linyphiidae and Gnaphosidae. Oribatids (Wilson 2005) ; however, little is known about the interactions between oribatids and Þre ants. Our study demonstrates that tectocepheids beneÞt from Þre ants, possibly due to their small size (200 Ð300 m) relative to that of other oribatids. The positive associations between Þre ants and both staphylinids and spiders also were not expected because past research has shown that Þre ants have either negative or no effect on these groups in cotton (Vinson 1991 , Eubanks et al. 2002 , Diaz et al. 2004 ); however, there is evidence to suggest that spider abundances increase in the presence of Þre ants in soybean (Seagraves et al. 2004 ). An alternative explanation for the positive response of some invertebrates to Þre ants may be that these taxa instead responded negatively to the application of hydramethylnon in Þre ant exclusion plots. Past studies have demonstrated mixed effects of hydramethylnon-based Þre ant baits on other ant species (Apperson et al. 1984 , Zerhusen and Rashid 1992 , Thorvilson and Phillips 1993 , Souza et al. 2008 ), and we acknowledge that dolichoderines may have been suppressed by Amdro in our study. Nontarget effects of hydramethylnon on other arthropods are poorly understood. Of the other arthropods potentially affected by hydramethylnon in our study, some would be incapable of or unlikely to feed on Amdro in the Þeld. For example, it is unlikely that predators such as spiders and staphylinid beetles would ingest a grain and oilbased ant bait. A handful of studies have shown that hydramethylnon-based baits, including Amdro, are effective against cockroaches and crickets (Wojcik and Brenner 1998, Plentovich et al. 2010) , but recent work indicates that the toxin has no negative effects on the Acari, Araneae, Collembola, and Coleoptera (Landry 2004; Womack 2006; Plentovich et al. 2010) . In addition, because Þre ants removed Amdro quickly from the soil surface in our study, it is unlikely that enough bait persisted to cause a noticeable difference in the abundance of other, less-efÞcient scavengers.
Five arthropod taxa responded positively to the exclusion of Þre ants. L. riparia was the most abundant non-ant predator collected at the Tifton site and was more abundant in the absence of Þre ants. Calixto et al. (2006) also recorded an increase in abundance of L. riparia upon excluding S. invicta from a Texas pecan [Carya illinoinensis (Wangenh.) K.Koch] orchard by using s-methoprene (Extinguish). Similarly, Seagraves et al. (2004) observed an increase in L. riparia abundance under Þre ant suppression in soybean. In both cases, the authors suggested that the increase in the abundance of L. riparia in the absence of Þre ants was caused by a release from predation or competitive exclusion by S. invicta. L. riparia is large, Ϸ2Ð3 cm in length, and was present in high numbers during our 2007 Þeld season (up to 60 individuals per pitfall trap per sample date), perhaps making it more susceptible to intraguild predation or competitive exclusion than smaller predators such as erythraeids. The positive response of sminthurids and isotomids to Þre ant exclusion is in agreement with past studies showing that Þre ants feed heavily on Collembola (Wilson and Oliver 1969) ; however, this is the Þrst study demonstrating a negative effect of Þre ants on the abundance of thrips and endomychid beetles. Until now, interactions between Þre ants and thrips have not been investigated. Although thrips are not commonly present at the soil surface as adults, they are present both below and at the soil surface during pupation and adult emergence (Berndt et al. 2004 ). The activity of thrips increased in the absence of Þre ants during sampling weeks that coincided with early and preßowering cotton development at Horseshoe BendÑ one of two phases during which thrips activity increases in cotton (Parajulee et al. 2006 ). Although we were unaware of the exact developmental stages of thrips populations at this time, individuals collected in the pitfall traps included both immatures and adults. Recent research suggests that Þre ants can affect burrowing larvae (Harvey et al. 2010 ) and the potential interaction between Þre ants and thrips during pupation and emergence in the soil should be investigated further.
Although arthropod communities at both Þeld sites were structurally similar, the overall impact of Þre ants on epigeic arthropods differed. One important distinction that may help to explain this is the difference in weed communities between both sites. During 2006, the plots at Horseshoe Bend had a fairly diverse weed community composed primarily of palmer amaranth (pigweed), Amaranthus palmeri L.; and sicklepod, Senna obtusifolia L.; as well as multiple nightshades and grasses. This amounted to an average of 16.43 Ϯ 3.00 g m Ϫ2 of oven-dried biomass. Although the amount of weed biomass varied among treatment plots this variation was not signiÞcant, and the weed community was fairly consistent across the site. The Tifton site, however, had virtually no weed biomass due to frequent tillage. These differences suggest that in the absence of a diverse weed community, potential prey, and competitors such as collembolans and dermapterans may be less able to escape Þre ants. There also were methodological differences between the sites and sampling years that may have led to some of the differences observed. For example, the difference in pitfall trap size and construction as well as the number of traps per area may have had signiÞcant effects on trap catch results (Work et al. 2002) . The sites also differed in soil type. Horseshoe Bend soil is a sandy clay loam (64% sand, 12% silt, and 22% clay), whereas soil in the Tifton site is a loamy sand (83% sand, 13% silt, and 4% clay) (Parker et al. 1988 , Bossuyt et al. 2002 . These differences may have contributed to the variation that we observed between the sites but do not account for variation within the sites between treatments.
This study demonstrated that S. invicta is capable of exerting both top-down and bottom-up effects on soil surface-active arthropod communities. Methodological differences aside, the signiÞcant differences detected in the current study have potential implications for communities of beneÞcial arthropods involved in both pest management and soil processes. Our results suggest that Þre ants may negatively inßuence the abundance of soil surface-active thrips, which can be serious crop pests. This observation represents a po- tentially important link between the soil and foliar communities of cotton. Although Þre ants can significantly inßuence predators, detritivores, and herbivores at the soil surface, the direction and magnitude of their inßuence likely depends heavily upon the management strategy and physical characteristics of the system the ants inhabit.
